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ABSTRACT

Using Viking Orbiter images, detailed photoclinometric profiles were obtained across
10 irregular depressions, 32 fretted fractures, 49 troughs and pits, 124 solitary scarps, and 370
simple grabens in the north Tharsis region of Mars. These data allow inferences to be made
on the shallow crustal structure of this region. “he frequency modes of measured scarp
heights correspond with previous general thickness estimates of the heavily cratered and
ridged plains units. The depths of the fiat-floored irregular depressions (55-175 m), fretted
fractures (85-890 m), and troughs and pits (60- 1,620 m) are also similar to scarp heights
(thicknesses) of the geologic units in which these depressions occur, which suggests that the
depths of these flat-floored features were controlled by erosional base levels created by
lithologic contacts. Although the features have a similar age, both their depths and their
observed local structural control increase in the order 11 steal above, which suggests that the
more advanced stages of associated fracturing facilitated the development of these depressions
by increasing permeability. If a ground-ice zone is a factor in development of these features,
as has been suggested, our observation that the depths of these features decrease with
increasing latitude suggests that either the thickness of the ground-ice zone does not increase
poleward or the depths of the depressions were. controlled by the top of the ground-ice zone
whose depth may decrease with latitude.

Deeper discontinuities are inferred from fault-intersection depths of 370 simple
grabens (assuming 60° dipping faults that initiate a a mechanical discontinuity) in Tempe
Terra and Alba Patera and from the depths of the large, flat-floored troughsin Tempe Terra.

The frequency distributions of these fault-intersection «nd large trough depths show a




concentration at 1.0- 1.6 km depth, similar to data obtained for Syria, Sinai, and Lunae Plana.
The consistency of these depth data over such alarge region of western Mars suggests that a
discontinuity or a process that transcends local and regional geology is responsible for the
formation of these features. If this discontinuity is represented by the base of the cryosphere,
its uniform depth over 55° of latitude suggests that the cryosphere did not thicken poleward.
Alternatively, the concentration of depths at 1.0- 1.6 km 1nay represent the upper level of non-
eruptive dike ascent (lateral dike propagation) of Mars, which is controlled by gravity and
atmospheric pressure and magma and country-rock characteristics, and was probably
controlled, in part, by ground ice.

Fault-intersection depths in the north Thas Sisregion locally extend down to a depth of
5-7 km. The depth data between 2-3 km are attributed to the discontinuity at the interface of
megaregolith and basement or to the upper limit of non-eruptive dike ascent of magma with a
high volatile content. Intersection depths greater than 3 km, which were found at Alba
Patera, may be due to the megaregolith-basement discont inuit y, which was buried and
depressed by volcanic loading, or to the upper level of non-eruptive dike ascent of magma
with a low volatile content.

The near absence of narrow simple grabens with fault-initiation depths less than 0.6-
1.0 km in this study area, as well as in most of western Mars, suggests that this depth
represents the minimum depth that normal faults can initiate; at shallower depths tension
cracks or joints would form instead. This hypothesis is supported by the application of the

Griffith failure criterion to this minimum depth of normal fault initiation, which suggests that




shallow crustal materials have a tensile strength of 2-4 MPa throughout most of western

Mars, in close agreement with previous estimates of tensile strength of Martian basaltic rock.




INTRODUCTION

Previous studies have proposed the existence of several mechanical discontinuities
within the equatorial region of Mars based on photogeologic observations and topographic
data from Mariner and Viking missions (e.g., Sharp 1973ab; Carr and Schaber 1977;
Soderblom and Wenner 1978), on theoretical considerations of the stability of water within
the Martian crust and atmosphere (e. g., Smoluchowski 1968; Fanale 1976; Rossbacher and
Judson 1981, Clifford and Hillel 1983; Fanale er al. 1986), and on analogous impact
processes on the Moon and Mars (e.g., Short and Forman 1972; Hérz et al. 1976; Aggarwal
and Oberbeck 1979; Hartmann 1980; Woronow 1988). These discoltinyities include the base

of the ridged plains unit, the interface between the debris layer of the megaregolith and the in
situ, fractured basement, and the contact bet ween the ice-laden zone and the underlying water-
laden or dry zone of impact breccia or between a zone of uncemented, dry impact breccia and
an underlying chemically cemented zone. Our previous study of the morphometries of pits,
troughs, and wall valleys in the predominantly Hesperian terrain in 1.unae, Syria, and Sinai
Plana (Figure 1) indicated mechanical discontinuities at depths of 0.3-0.6 km,1km, and 2-3
km (Davis and Golombek 1990). We proposed that the shallowest discontinuity is probably
the contact between the widespread ridged plains unit and the underlying megaregolith
because the depth corresponds to thickness estimates for the ridged plains unit. The 1-km
discontinuity was reflected in the base levels of erosion of all features, as well as in our
estimates of intersection depths of graben-bounding faults. Because this discontinuity y has
widespread areal distribution and is related to all erosional features thought to have been

effected by ground ice or water, we proposed that the discontinuity may represent the base of




the ground-ice layer (the interface between ice-laden and dry or water-laden regolith) or the
interface between pristine and cemented regolith. We also proposed that the 2-3-km
discontinuity, whose depth corresponds to the proposed depth to the base of the Martian
megaregolith, is probably the. interface between gjected breccia and overlying in-situ, fractured
basement.

Numerous simple grabens and flat-floored erosional feat ures a'so occur in the Tempe
‘1’errs and Alba Patera volcanic provinces north of Syria, Sinai, and I.unae Plana. Our current
study examines the morphometric characteristics of the flat-floored structural and erosional
features that occur in these two north Tharsis regions, whose units have a wide range of
geologic ages (Noachian to Amazonian) and occur at high latitudes (30-50° N), in order to
investigate the existence of subsurface discontinuities, the latitudinal and temporal variability
in the depth of discontinuities most likely related to the cryosphere, the effects of volcanic
construct ion (at Alba Patera) on subsurface discontinuity cs, and the processes related to graben
formation.

The north Tharsis region consists mostly of volcanic (lava and pyroclastic flows) and
impact-breccia deposits (Figs. 2 and 3; Wise 1979, Witbeck and Underwood 1984, and Scott
and Tanaka 1986; Mouginis-Mark et al. 1988; Frey and Grant 1990; Scott and Dohm 1990;
Tanaka 1990; Schneeberger and Pieri 1991). The geologic units within the Tempe Terra
province are mostly Noachian and Hesperian in age, whereas those in the Alba Patera region
are mostly Amazonian in age. Several units within the north Tharsis region contain features
that suggest the presence of a water-rich substrate. The Noachian etched unit (unit Nple; Fig.

2) that is exposed in eastern Tempe Terra has irregularly shaped, flat-floored depressions (Fig.




4), which have random orientations and do not appear to be associated with local fault trends.
The origin of these depressions has been attributed to thermokarst erosion by melting of
ground ice and subsequent collapse of surface material (Gatto and Anderson 1975). The
lower (unit Htl) and middle (unit Htm) members of the T'empe Terra Formation have collapse
depressions (troughs; pits, pit chains) that are spatially (and probably genetically) associated
with faults and fractures (e. g., Mareotis and Tempe Fossa; Figs. 1). The pits are isolated
circular to subcircular depressions; the larger pits are generally flat floored (Fig. 5). Pits also
occur in chains (Fig. 5) where they generally occur within grabens or paralel local fault
trends and, in some cases, adjacent pit rims have coalesced by growth resulting in chains with
septate outlines. Troughs are elongated, flat-floored depressions that generally parallel local
fault trends (Fig. 5). The ends of scme troughs narrow and have septate outlines, which
suggest that troughs represent an advanced stage of pit-chain formation. The flat floors of the
troughs and pits in the north Tharsis region may have been controlled by resistant
stratigraphic layers or by rapid horizontal erosion and volatilization at the level of the
cryosphere or ground-water table (Wise 1979). The absence of debris or of evidence of wind
action suggests that material was removed by volatilization, ablation, or subsurface
withdrawal. Fretted fracture systems (Fig. 6) occur in the Hesperian ridged plains material
(unit Hr; Fig. 2) within Tempe Terra and the Hesperian chaotic terrain (unit Hcht); they also
parallel local fault trends. Both terrain types crop out along the south margin of the Tempe
Terra plateau (Fig. 2) at the source areas and along ma gins of channels and may have been
produced by disruption of material by volatile 1elease (Scott and Tanaka 1986). In addition

to these features there are solitary scarps along the borders of the Tempt Terra plateau that
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are also bounded by flat surfaces (Fig. 7). The planar appearance. of the surfaces bounding
these scarps suggests that the bounding flat surfaces may also represent erosional base levels
and, as such, possible mechanical discontinuities.

Other indications of a water-rich substrate in the study areas include: (1) the volcano
that occurs within ;Jnit Nple in Tempe Terra (1 ‘g. 2), which has obvious radial channels
similar in appearance to terrestrial thermokarst topography (Gatto and Anderson 1975); (2)
channel dissection (Had; Fig. 3) along the eastern flank of Alba Patera, which has been
attributed to sapping due to water release from unconsolidated deposits (Mouginis-Mark et al.
1988); and (3) digitate channels and possible lahars in the Ceraunius Fossae region that are
areally associated with faults (Tanaka 1990).

Previous studies suggest that the depths of flat-floored depressions (troughs, pits, and
irregular depressions) and fretted fractures and the heights of solitary scarps may be related to
horizontal mechanical discontinuities in the crust, which may have resulted from strati graphic
interfaces, the presence of a water or ice layer, or possibly the presence of a chemically
cemented zone in the megaregolith (Sharp 1973a; Soderblom and Wenner 1978; Wise 1979;
Rossbacher and Judson 1981; MacKinnon and Tanaka 1989; Tanaka and Davis 1988; Tanaka
and Golombek 1989; Davis and Golombek 1990; Tanaka and Chapman 1992). We have
obtained photoclinometric profiles across these flat- floored erosional features in the north
Tharsis region to determine if their depths cluster and, if they do, whether these depths can be
attributed to previously proposed discontinuities.

Faults occur within many of the geologic units within the north Tharsis region. A

recent study of the tectonic features of the north Tharsis region separated the faults in Tempe



Terra into eight sets (Scott and Dohm 1990) and the faults in Alba Patera into four stages

(Tanaka 1990) based on fault orientation, morphology, cross-cutting relations, and
stratigraphic relations. The faults in these two adjacent areas have a dominantly north and
northeast trend (Figs. 8 and 9). Most of the faults occui as grabens; they vary in size and
morphology, like téreﬁrial erabens, from narrow, simple grabens to wide, complex grabens.
The morphology of the complex grabens display multiple faulted floors and numerous
bounding faults, which makes estimation of their fault intersection depths extremely difficult.
The morphology of the simple grabens exhibit a simple geometry in which bounding-fault
traces are straight and parallel, graben cross sections are symmetric, and graben floors are
uniformly flat and unbroken by subsidiary or antithetic faults (Fig. 5). This simple surface
geometry implies a simple structure at depth, which suggests that faults bounding simple
grabens initiate at a common point at depth and propagate to the surface (Golombek 1979,
1985; McGill and Stromquist 1979; Golombek and McGill 1983).

It has been suggested that the depth of fault initiation for smple grabens is typically
controlled by a mechanical discontinuity that separates materials that react differently to
extensional stresses (e. g., Golombek 1979, 1985; McGill and Stromquist 1979; Golombek and
McGill 1983). This formation mechanism provides a ready explanation for similar widths of
grabens within a set or a region, which may be difficult to explain otherwise (see Melosh and
Williams 1989 for an alternative mechanism for graben formation). In either case,
topographic profiles across these grabens can be used to determine the depth below the
surface at which faults bounding simple grabens intersect (assuming a fault dip). If fault

intersections cluster at particular depths, they can be used to infer the depth to a mechanical
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discontinuity, especially if the intersection depths coincide with observed depths of proximal
flat-floored erosional features that may be the surface expressions of the discontinuities.

We have obtained morphometric data for most of the simple grabens in the Tempe
Terra and Alba Patéra regions; we use these data to estimate the depths of fault intersection,
which are in turn used to evaluate the factors that may nave controlled fault initiation of the
simple grabens in this region of Mars. The grabens for which we have collected data occur
within most of the major recognized geologic units at A 1ba Patera and Tempe Terra and occur
over a wide range in elevation (from 3 to 7 km) and latitude (from 29° N to 55° N); as such,
this data set is more extensive than the east-west transect examined by Plescia (1991).
Therefore, these data allow an examination of the possible effects of local stratigraphy

(including the basement), thickness of the volcanic pile at Alba Patera (inferred from

topography), and possibly, depth to the base of the cryosphere (which is the crustal zone
where the temperature is continuously below the freezing point of water; theoretical models
suggest that the depth of this zone’s lower boundary may increase towards higher latitudes).
PHOTOCLINOMETRY
Topographic profiles across flat-floored structural and erosional features were

generated using the symmetric and asymmetric methods developed by Davis and Soderblom
(1984) and using calibrated Viking Orbiter clear- and red-filter digital images. Both methods
use a photometric function, knowledge of the solar incidence (i) and spacecraft emission (€)
angles and their azimuthal angles, and an estimate of atmospheric scattering to determine the
slope of each pixel along a designated profile. We used the Minneart photometric function

(Minneart 1941) of the form B = H + SB, (cos i)! (cos €)**, where B is the measured
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brightness of a pixel; H is a constant and is the additive effects of atmospheric scattering
(haze); S is a constant and represents the combined effects of solar flux, attenuation by
atmospheric scattering, camera sensitivity, and exposur e time; B, is the surface albedo; and &
is the Minneart coefficient that varies with phase angle. We used the relation

k = 0.0062a + 0.45 (Tanaka and Davis 1988) for clear-filter Viking Orbiter images, where «
is the phase angle of the image; we used the tabulated values of k versus a from Thorpe
(2973) for red-filter Viking Orbiter images. An estimate of haze for each image used in this
study was obtained from shadows either within the image (if there were shadows) or within
images that have shadows that were acquired near the study image in space and time.

“I"he symmetric method uses two opposing profile lines (one downsun and one upsun)
along which changes in topography and surface albedo are judged to be symmetric to a first
order. Brightness values (corrected for haze) along both profile directions are ratioed pixel-
by-pixel, starting at their common endpoints, which results in a relation that is only dependent
of surface orientation. The asymmetric method is similar to most photoclinometric methods
that have been used in recent years (e.g., Jankowski and Squyres 1992) in that an estimate of
the brightness of a flat surface must be estimated and the albedo along the single profile must
remain constant in order to obtain a valid solution. The relative constancy of the albedo is
judged by applying a linear contrast stretch to the image on an interactive display. Because
the solution is very sensitive to the albedo value, results from this n iethod have higher error
than those from the symmetric method, Therefore, wherever possible, we used the symmetric
method, which we employed on the grabens, pits, troughs, and fretted channels. The

asymmetric method had to be used for the irregular depressions and solitary scarps because
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they did not have symmetric topography or they did not have an opposing slope. Both of the
photoclinometric algorithms used in this study take into account oblique viewing geometry
during their iterative process.

There are five main sources of error in these photoclinometric methods: radiometric
calibration of the irrlage, estimation of the haze value (11), est irnat ion of the albedo of aflat
surface (B,), estimation of the photometric constant (k), and orientation of the profile relative
to topographic strike and the maximum solar scattering plane (the solar azimuth). Different
viewing and lighting conditions result in differences in the sensitivity of photoclinometric
measurements, which are difficult to predict a priori (Davis and McEwen 1984; Jankowski
and Squyres 199 1). Therefore, our algorithms repeat a profile’s calculation using reasonable
estimates of the uncertainties associated with image calibration, haze, brightness of a flat
surface, and photometric constant; the difference between the two solutions is an estimate of
the error for each pixel in the profile. We used an average uncertain y of +2-3% for the
calibration, +0.05 for the Minneart coefficient, and +5% for the brightness of a flat area.

The amount of atmospheric scattering on Mars varies with time and location. We
avoided images acquired near Martian dust stortns because the high amounts of haze reduce
the signal and increase the error associated with haze rernoval. We used red-filter images
from Viking Orbiter 1 revs 519, 520, 555, 558, and 858 and clear-filter images from Viking
Orbiter 1 revs 627, 667, 668, 1253, 1254, 1255, 1256, 1257, and 1258. The measured haze
(in 16-bit DN) for the red-filter images ranged from 350-625 with an average uncertainty of
about 9%, whereas the measured haze for the clear-filter images ranged from 330-430 with an

average uncertain y of about 4%. On average this level of uncertain y in haze results in an
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measurement error of about 7%-12 % in both methods. When uncertainties in calibration and
k are included, the cumulative error is about 12%-18%. The added uncertainty in estimation
of flat-field brightness (for the asymmetric method) increases the total measurement error to
as much as 24 % in some cases.

The princi pleé of photoclinometry require that profiles be obtained perpendicular to
surface slope. There are many instances for the north Tharsis region where images do not
exist in which a surface’s strike is perpendicular to solar azimuth. “1’bus, profiles had to be
obtained at an angle to solar azimuth. In fact, the average graben measurement was obtained
at an angle of 32° from the solar azimuth and the average scarp measurement was obtained at
angle of 210 from the solar azimuth. An estimate of the error associated with nonazimuthal
profile lines was determined by profiling bowl-shaped craters within several study images
using average uncertainties for haze, k, calibration, and trightness of a flat surface, varying
the profile azimuth in increments of 5°, and noting the difference in integral height.

The results indicate an average cumulative error of21 % for the sy1nmetric method and 24%
for the asymmetric method.
PHOTOCLINOMETRIC RESULTS

The locations of the topographic profiles that we generated across solitary scarps,
troughs and pits, fretted fractures, and irregular depressions are shown by closed circles in
Fig. 2; the profiles across the simple grabens are shown by the closed circles in Figs. 8 and 9.
We obtained replicate measurements on 30 features in which each feature occurred on 2-3
images; the deviations (1 ¢) in these replicate measurements were 4.5 % for width, 12.2 % for

depth, and 17.8% for slope. The number of measurements within each geologic unit was
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limited by the number of structural and erosional featur es in each unit and by the slope
orientation of the features with respect to the solar azit nuth of Viking Orbiter images (i.e., we
did not obtain data on features whose slope required a profile more than 45° from the solar-
azimuth angle because of the high error associated wit] « such profiles). From each profile we
extracted depth or ‘height, wall slope, and rim-to-rim width.

We obtained photoclinometric profiles across 10 irregular depressions, 32 fretted
fractures, 49 troughs and pits, and 124 solitar'y scarps within the Tempe Terra region of Mars
(closed circles on Fig. 2). The average slope and height of the solitary scarps and the average
depth, wall slope, and rim-to-rim width of the troughs and pits, fretted fractures, and irregular
depressions are listed in Table |. For the larger troughs and ii-regular depressions that vary in
in width or depth, we obtained profiles at different locations along each feature and calculated
their average width or depth. The frequency distribution of measured depths or heights for
each type of feature is shown in Fig. 10; the fiequency distributions of measured heights and
depths for al of these features, separated by the geologic unit in which these measured
features occur, are shown in Fig. 11.

We also obtained photoclinometric profiles of 198 simple gtabens within Tempe Terra
and 172 simple grabens within Alba Patera (closed circles on Figs. 8 and 9, respectively).
The average slope, depth, and rim-to-rim width of each graben set and stage defined by Scott
and Dohm (1990) and Tanaka (1990) are summarized in Table 1I. We obtained multiple
profiles along 62 of the larger graben segments; the average deviations (1 o) in their measured
morphometries are 8.8% for rim-to-rim width, 18.6 % for depth, and 17.770 for wall slope.

The wall slopes of the simple grabens in this study area are generally less than 10° (Table I1),
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which implies that the wall slopes have been lowered by mass wasting, similar to that found
for the grabens in Syria, Sinai, and Lunae Plana (Tanaka and Davis 1988; Davis and
Golombek 1990). In order to accurately estimate the intersection depth of each set of graben-
bounding faults, it is necessary to estimate the original width of each graben by removing the
effects of mass wa;ting (e.g., Golombek 1979; Tanaka and Davis 1988; Davis and Golombek
1990), which was not considered by Plescia (1991). Mass wasting has a significant effect on
graben width; reduction of a graben’s wall sldpe from 60° to 10° results in a 30 to 50 percent
increase in its width. Thus, if the effects of mass wasting are not numerically considered, the
fault intersection depth will be overestimated by a factor of about 1.3 to 2.

The dip of the faults must be known in order to accurately remove the effects of mass
wasting on the graben walls (the dip of the faults is the initial slope of the graben walls). We
examined al Viking Orbiter images for Ternpe Terra and could not find reliable fault traces
on any of the images that would allow a three-point determination of fault dip (such as the
procedure described in Davis and Golombek 1990). There is a linear trace on the western
scarp of Tempe Terra (about 8 km south of profile B on Fig. 5), which we determined to
have a dip of 63.8° by the three-point analysis described in Davis and Golombek (1990).
However, we are not confident that this is a fault-plain trace. The trace is associated with a
graben, but the graben appears to have been eroded; hence the trace may be a secondary or
depositional feature. In our analysis of mass wasting and fault-intersection depth, we
assumed the average fault dip (60° ) that we obtained by direct measurement of five fault-
plane traces that intersect trough walls in Sinai Planum (Davis and Golombek 1990). This

assumption is probably valid because the gross geologic units within the north Tharsis region
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and in the plana to the south are thought to be similar in 1 itholog y (although different in age;
Scott and Tanaka 1986) and because fault dip is not strongly influenced by lithologic type
(see discussion and references in Davis and Golornbek 1990). We used this fault dip value
and the rim-to-rim width, depth, and wall-slope data for each graben and the method of
Golombek (1979) to estimate the fault-intersection depth for each simple graben that we
profiled (Table II).

The frequency distributions of the fault-intersection depths in the Tempe Terra and
Alba Patera regions are shown in Fig. 12 as percentages of each measured population. The
fault-intersection depths in Tempe Terra have a range between 0.3 and 4.8 km, a mode
centered at the 1.0- 1.2 km interval (Fig. 12), and an average of 1.4 + 1.2 km (Table II). In
contrast, the fault-intersection depths in Alba Patera (Fig.12) have a range between 1 and 7
km, a broad mode between 1.2 km and 2.0 km, and an average of 2.8 km+ 1.7 km. These
data for both regions exhibit a sharp drop off at shallow depths, characteristic of a Poisson
distribution. This drop off is not an observational bias because the narrowest simple graben
found in the Alba Patera area is wider than the narrowest graben that potentially could be
discerned and photoclinometrically profiled using the available Viking Orbiter images. Thus,
the steep drop off in frequency of fault-intersection depths less than 1 km at Alba Patera is
not the result of limitations in either the image data or the photoclinometric method, but
represents a real dearth of very narrow simple grabens with shallow fault intersection depths.

DISCUSSION
Within the north Tharsis region some possible mechanical discontinuities include

lithologic interfaces between lava flows, cratered and fractured materials composed of impact
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breccia and lava flows, possible sills, and, within the Alba Patera region, pyroclastic flows
(Wise 1979; Scott and Tanaka 1986; Mouginis-Mark et al. 1988; Schneeberger and Pieri
199 1). The existence and depths of these lithologic discontinuities may vary locally because
of differencesin local geologic history. The heights of the solitary scarps that we measured
provide clues to the depths of these discontinuities and possibly the depth to the top or base
of the cryosphere in this region.

The Martian megaregolith is generally ‘considered to be volatile rich based on
estimates of the amount of water that may have been involved in geologic processes [in terms
of a global water layer these estimates range from 46 n 1 (Greeley 1987) to greater than 500 m
(Carr 1986)] and the high volatile content of meteorites from Mars (Dreibus and Winke
1985). The amount of water at the Martian poles and in the atmosphere accounts for only a
small fraction of these estimates (Farmer et al. 1977; Carr 1986); the amount of water lost
from the atmosphere is also estimated to have been ver y small (Walker 1977). Clifford
(1993) presented impact scaling data for Mars that suggest the. megaregolith has significant
porosity and total pore space to accommodate a global water layer 0.5- 1.5 km deep.

Theoretical considerations of the thermal diffusion properties of the Martian regolith
and atmosphere suggest that (1) ice is not stable near the surface between +40° latitude,
although small pockets of ice may exist within the equatorial region at shalow depths; (2) if
significant amounts of ground ice do exist in the equatorial region, a continuous or periodic
process of replenishment may be required; (3) the upper few meters of the regolith may retard
diffusion in the equatorial region and protect the ground ice or water, especialy if a shallow,

chemically cemented layer exists; (4) the cryosphere increases in thickness (depth) from  km
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between +30° latitude to as much as 3 km at the poles; (5) ground ice. is stable at the surface

above 40° latitude, which is probably transitional and initiates at sorne shallow depth below
40°; and (6) beneath the ground ice layer water may exist due to geothermal heating of the
base of the ice-laden zone (Fanale 1976; Soderblom and Wenner 1978; Rossbacher and
Judson 1981; Clif%ord and Hillel 1983; Fanale et al. 1986; Paige 1992; Mellon and Jakosky
1993). The presence of landforms indicative of terrain softening (due to the presence of
ground ice) above 40° latitude and their near” absence within +30° latitude agrees with these
theoretical calculations (Squyres and Carr 1986). Theoretical modeling of the morphometries
of craters that are indicative of terrain softening suggests that the ground ice layer has a
thickness of 1 km between 30-40° latitude, which is also consistent with theoretical
calculations (Jankowski and Squyres 1992).

Considering these previous studies, potential widespread mechanical discontinuities
that involve the cryosphere could exist in the north Tharsis region and could include
interfaces between ice-laden and dry regolith, ice-laden and water-laden regolith, and pristine
and chemically cemented regolith. The grabens and ei osional featur es measured in this study
occur within the zone of increasing thickness of the cryosphere and shallowing surface
stability of ground ice. Thus, their morphometries may reflect the depths to the possible
discontinuities associated with ground ice and water. Another discontinuity that probably
exists throughout the north Tharsis region is the interface between the impact brecciated
megaregolith and the basement (Fanale 1976; MacKinnon and Tanaka 1989); the thickness of
the Martian megaregolith has been estimated to be about 2-3 km (Fanale 1976; Woronow

1988). The graben-bounding faults provide the deepest probes for mechanical discontinuities,
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thus some fault-intersection depths may be at the base of the megaregolith. The discussion
that follows considers the morphometric data in the orde: of shallowest to deepest

discontinuities that the depths of the features may represent.

Solitary Scarps-Lith(;logic Discontinuities

Frey and Grant (1990) obtained estimates of the maximum thickness of the heavily
cratered and ridged plains terrain within Tempe Terra using the diameter of the largest,
mostly buried craters and the depth-diameter relation for fresh Martian craters of Pike and
Davis (1984). hey estimated that the heavily cratered terrain (corresponding to units Nple
and Npl ,; Fig. 2), has experienced about 460 m of resurfacing. Their estimated maximum
total thickness of the ridged plains terrain (corresponding to unit Hr; Fig. 2) was 562 m
within Tempe Terra (Frey and Grant 1990) and 660 m within Lunae Planum (DeHon 1985).
The thickness values obtained for these units by Frey and Grant (1 990) and DeHon (1985) are
close to the modes in the frequency histograms of our measured scarp heights within these
units (Fig. 11), but our measured heights of many of these unit scarps exceed the previously
estimated “maxmimum” thickness values. Assuming that the maximum thickness estimates of
Frey and Grant (1990) and DeHon (1985) are correct, the observed modes in our frequency
histograms are more representative of unit thicknesses than are the largest scarp heights that
we measured in each unit. If this relation is correct, the frequency modes of our scar-p-height
distributions suggest that the thicknesses of most of the exposed geologic units in Tempe

Terra are less than 600 m (Fig. 11).
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The larger scarp heights within each geologic unit may represent the cumulative

thicknesses of underlying strata that may have been exposed by uplift and erosion. It has
been suggested that some of the scarp heights within units Nb, Nplh, and Npl, units have
been produced by uplift (by normal faulting) and tilting (Scott and Tanaka 1986). Similarly,
the scarp heights within unit Hr that are greater than 1 km were obtained along the southern
margin of the Tempe Terra plateau, which also may have been affected by uplift and also by
erosion of Kasei Vanes, and thus these larger scarp heights may also represent the cumulative

thickness of underlying strata.

Irregular Depressions, Fretted Terrain, and Pits and Troughs -Cryospheric or Lithologic
Discontinuities

Overall, the range in depths of Tempe Terra features whose origins may be directly
related to ground ice increases in the order of irregular depressions (55-175 m), fretted
fractures (85-890 m), and troughs and pits (60-1,620 m) (Fig. 10). The irregular depressions
occur within the Noachian etched plateau unit (Nple) in eastern Tempe Terra, the fretted
fractures occur within the Hesperian ridged plains unit (Hr) in southern Tempe Terra, and the
troughs and pits occur mostly within the lower and middle members of the Tempe Terra
Formation (Htl and Htm) in western Ternpe Terra (Fig. 2). This observation by itself might
suggest that the thickness of or the depth to the Martian ground ice. increased with time.
However, these depressions formed roughly within the same timeframe (Late Hesperian to
Early Amazonian; Scott and Tanaka 1986). It is more likely that this observed relation is the

result of either athicker stratigraphic column over the ice-laden zone where younger rocks
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exist or an increased efficiency in the removal of material by the hydrologic systems when
joints and especially faults are involved (as they were in the formation of fretted fractures,
pits, and troughs).

If the thickness of the cryosphere increased poleward ancl the floors of the fretted
fractures, pits, and trbughs correspond to the base of the ground ice, then the depths of these
flat-floored features should be greater in Tempe Terra than in adjacent equatorial regions.
The floor depths (1.2- 1.6 km) of the larger troughs in western Tempe Terra are similar to, but
not greater than those of the large troughs to the south in Syria and S inai Plana (Davis and
Golombek 1990). In addition, most of the floor depths of the pits and troughs in Tempe
Terra (average depth is 374 + 357 m; Table 1) are much shallower than those in Syria and
Sinai Plana (average depth is 1,712 + 734 m; Davis and Golombek 1990). Thus, if the floors
of these features correspond to the base of the ground ice, our depth data for these features
suggest that th ground-ice layer thins poleward, which is contrary to theoretical models
(Fanale 1976; Rossbacher and Judson 1981; Fanale et al. 1986). Alter natively, the floor
depths of the pits and troughs in Tempe Terra may be related to stratigraphy or may (for the
shallower pits and troughs) correspond to the top of the ground-ice layer, which may have
been stable at increasingly shallower depths in the Martian crust towaid the poles. Another
possibility is that the development or existence of Vanes Manneris, which is significantly
deeper than any other erosiona feature in Syria and Sinai Plana, affor ded anomalously deep
erosional base levels to be achieved (for the central latitudes) in the depressions that surround

the canyon system,
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The depth range of the fretted fractures within Tempe Terra (0.2- 1.0 km; Fig. 10) is
similar to that obtained for the fretted fractures in Sacra Fossae (0.2-1.3 km; Davis and
Golombek 1990). As in Sacra Fossae, the fretted fractures in Tempe Terra are shallowest at
fracture heads and deepen toward fracture mouths that open onto Kasei Vanes. The
maximum depths of the fretted fractures appear to be controlled by the height of the Tempe
Terra plateau above the erosional base level of Kasei Vanes (Figs.6 and 7). Similarly, the
shallow irregular depressions in eastern Tempe Terra (Fig. 4) debouch onto multiple, common
plateau and plains levels and appear to be strati graphicall y cont oiled. A nearby circular
structure surrounded by radiating tongue deposits (at lat. 46° N, long. 55.5°; Scott and
Tanaka 1986) may be volcanic and may have been the source of hydrothermal activity that
resulted in sapping and format ion of the irregular depressions.

The depths of the irregular depressions, fretted fractures, troughs, and pits are close to
the frequency modes of the solitary scarp heights for the units that are areally associated with
the depressions (Fig. 11). This observation suggests that the development of most of the
depressions was controlled by lithologic interfaces that were resistant to erosion and
downward removal of material along joints and fractures by ground water/ice, as previously
suggested by Wise (1979). The one exception to this cor respondence between depression
depths and scarp heights are the large troughs that have depths (1 .2-1.6 kin) greater than the
measured scarp heights of unit Htl in which they occur (}ig. 11), However, the depths of
these large Tempe Fossae (northeast-trending) troughs arc very similar to the scarp heights of
the older Mareotis Fossae (north-trending) troughs (1.2-1.8 km; profiles A, B, and C in Fig.

5) and to the heights of northern (Npl,) and southern (Hr) border scarps of the plateau (Figs.
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2 and 11). Thus, the depths of these larger troughs may be indicative of the cumulative
thickness of subjacent lithologic units in western Tempe Terra and possibly an equilibrium
base level of erosion for this area or may be indicative of the base of the ground-ice layer.
The widths of most Tempe Fossae troughs narrow to the northeast, which suggest that
material mobilized in the troughs and pits moved mostly westward, probably along subsurface
fracture systems. The most pronounced surface manifestation of this is the longest Tempe
Fossae trough (labeled D on Fig. 5) that extends for about 70 km, along which the trough
widens and deepens southwestward, cuts through the north-trending uplifted plateau scarp,
until it reaches the base level of the old Mareotis Fossae troughs.

Faulting assisted in the formation of the fretted fractures, troughs, and pits (Sharp
1973b; Schumm 1974; Baker and Kochel 1979; Kochel and Burgess 1982; Schultz 1989;
Tanaka and Golombek 1589; Lucchitta er al. 1990). The rectangular pattern exhibited by the
fretted terrain (Fig.6) has led to the suggestion that these fractures were joint controlled
(Sharp 1973b; Schumm 1974; Kochel and Burgess 1982; Tanaka and Golombek 1989) and
that jointing increased permeability and caused mass wasting and sapping by groundwater or
ground ice. The troughs and pits present a variation on this scenario because these features
are closed depressions and require either sublimation, ablation, or subsurface drainage to
remove the missing material. Subsurface drainage is currently believed to be the most likely
scenario because the amount of water necessary under the pure sublimation hypothesis would
require an upper crust largely made up of ice (Sharp 1973a; Schultz 1989; Lucchitta et al.
1990) and there is no evidence of wind action in the depressions (Wise 1979). Some of the

troughs and pits in the study area and in adjacent areas display two levels of development
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(Wise 1979; Davis and Golombek 1990), which has led to the suggestion that trough and pit
development is controlled either by (1) stratigraphy in which horizontal erosion operates on

successively deeper lithologic interfaces, or (2) re-equilibration of the ice-laden zone's depth
with respect to the surface in which trough and pit development ceases at the original depth

of the ice-laden material and resumes at a new deeper level (Wise 1979).

Fault-intersection Depths-Lithologic, Cryosphefic, or Megaregolith Discontinuities

Another indirect indication of the depths to mechanical discontinuities in the north
Tharsis region is the intersection depths of graben-bounding faults, which we estimated using
the surface morphometry of the simple grabens that occur in this region and the assumed 60°
dip of the faults. The mode in the frequency histogram of the fault-intersection depths for the
Tempe Terra region is 1.0- 1.2 km (Fig. 12). This mode in fault-intersection depths is close to
the depth values for the larger troughs (1.2- 1.6 hn) within the Htl unit and the 1-2 km
heights of plateau border scarps in the Hr, Npl,, and Nb units (Fig. 11). A comparison of
fault-intersection depths, depression depths, and solitary scarp heights within different
geologic units (Figs. 11 and 13; Table I1T) shows that, although there is overlap in these
frequency distributions for units Npl,, Hr, Htl, and Htm, most of the fault-intersection depths
are greater than the depression depths and scarp heights in each geologic unit. Thus, most of
the graben-bounding faultsin Tempe Terra originated at mechanical discontinuities that have
generally not been exposed at the surface. We cannot make a similar comparison at Alba
Patera because there are no scarps to measure the thickiiesses of the geologic units that occur

in that region.
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The frequency distribution of fault-intersection depths within Tempe Terra shows a
small population of depths greater than 2 km (Fig. 12), which were also found in Syria, Sinai,
and Lunae Plana (Davis and Golombek 1990). The fault-intersection values between 2-3 km
probably represent the megaregolith-basement interface. The few fault-intersection depths in
excess of 3 km could represent local depressions of the basement due to localized burial by
volcanics of the Tempe plateau or they may represent the depths to the tops of deep-seated
dike intrusions,

The average fault-intersection depth of Alba Patera (2.8 + 1.7 km) is significantly
greater than that of Tempe Terra (1.4 + 1.2 km) and Syria, Sinai, and Luna Planae (1.5 + 1.0
km). In addition, the frequency distribution of fault-inter section depths for Alba Patera has a
broader mode and extends to greater depths than these other regions. This is probably the
result of Alba Patera’s unique geologic setting relative to these other 1egions. Because of the
patera’ s obvious constructional nature we examined the distribution of fault-intersection
elevations versus the distance that each fault-intersection depth measurement is from the
summit of Alba Patera (Fig. 14). We calculated the elevation of each fault-intersection
measurement using each site’s calculated fault-intersection depth and reported surface
elevation (U.S. Geological Survey, 1989). This distribution (Fig. 14) shows that the
intersection depths of graben-bounding faults (1) exhibit a lower limit of about 1 km, (2)
occurred at increasingly greater depth ranges toward the summit of Alba Patera (where the
depth range is approximately from 2 km to 7 km), and (3) only occurred below the O-km
reference elevation within 700 km of the summit (except for a single fault-intersection depth

obtained in a Noachian unit in the far eastern border of the study area; Figs. 3 and 14).
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The data for the eastern half of Alba Patera show a continuum of graben-bounding
faults originating from depths of 2 to 7 km near the summit, unlike the data obtained along a
transect across southern Alba Patera (Plescia 1991), which showed an absence of graben-
bounding fault intersections at shallow depths (< 3 km) near the patera’s summit (Fig. 14).
As suggested by Plescia (1991), one possible reason for the giadual increase in the depths of
graben-bounding faults towards the patera’s summit is the depression of the interfaces between
the megaregolith and basement from volcanic construction, burial, and subsidence during the
formation of the patera. The continuum of fault-intersection depths may represent, at least in
part, mechanical discontinuities between volcanic (lava and pyroclastic flows), interbedded
regolith, plutonic units, and possibly an ice-laden zone.

The concentrations of fault-intersection depths at 1.0- 1.2 km for Tempe Terra and at
about 1.2- 1.6 km for Alba Patera are very close to the 0.8- 1.2-km mode observed in the fault-
intersection depth data for areas that we have examined within the western equatorial region
of Mars (Syria, Sinai, and Lunae Plana; Davis and Golombek 1990). in fact, the frequency
distributions of fault-intersection depths for Tempe Teira and the three plana are remarkably
similar. The fault-intersection data for all five areas, which cover a latitude range from 15° S
to 55° N, do not show a marked increase in depth towards higher latitude. The consistency

in the frequency modes of the fault-intersection depths within the western hemisphere of Mars

suggests either (1) the base of the ground-ice layer docs not begin to thicken poleward until

higher latitudes (>55° N); (2) the theoretical poleward thickening is masked by other

discontinuities; (3) local variations in ground-ice thickness, due to a variety of factors, mask

broader regional trends within this latitudinal band; or (4) these similar modes in fault-
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intersection depths may indicate that a large fraction of the graben-bounding faults originated
at the top of ground-ice layer, whose depth may not become appreciably more shallow at
these latitudes. A first-order, thin-layer relaxation model of “softened” craters that occur at
the latitudes of Tempe Terra (but about 135° to the east) suggests that the ice-laden zone is
about 1 km in thickrlless (Jankowski and Squyres 1992). This result indicates that the first
scenario, athough contrary to theoretical diffusion calculations (Rossbacher and Judson 1981;
Fanale 1976; Fanale et al. 1986), may be possible. Even though the latitude that the
cryosphere begins to thicken at a particular longitude may vary due to regional variations
thermal inertia of the regolith (Mellon and Jakosky 1993), the absence of “terrain softening”
features within + 30° latitude suggests that the fourth scenario is more. probable than the first

scenario.

Fault-intersection Depths-Lateral Dike Propagation Alternative

Another explanation for the consistency in the fi equency modes of graben fault-
intersection depths within Tempe Terra, Alba Patera, and previously studied equatorial regions
is that the 1.0- 1.6 km depths may represent the upper limit of non-eruptive dike ascent on
Mars. On Earth, dikes are typically associated with grabens in volcanic terrains (e.g., Gibson
et al., 1987; Mastin and Pollard 1988; Rubin and Pollar d 1988). The areal association
between planetary volcanic centers and grabens has led to the suggestion that propagating
dike systems ate a viable mechanism for graben formation on the Moon (Wilson and Head
1981), Venus (McKenzie et al. 1992; Parfitt and Head 1993), and Mars (Tanaka and

Golombek 1989; Schultz 1989). Photogeologic evidence of lava flows and small volcanoes




emanating from several grabens and fissures around Tenpe Terra (Moore and Hodges 1980;
Plescia 1981; Tanaka er al. 1991; Davis and Tanaka 1993) and of lava flows emanating from
several grabens and fractures around Alba Patera (Schneeberger and Pieri 1991) suggest that
dikes may have produced at least some fraction of the grabens in these regions.

Studies of térrestrial dike systems have shown that dike ascent is controlled by several
factors related to the characteristics of the magma and country rock (e.g., Pollard 1976;
Wilson and Head 1981; Rubin and Pollard 1988;Lister 1991; Parfitt 1991). The level of dike
ascent on any particular planet is also dependent on a p] anet’s gravity and atmospheric
pressure (Wilson and Head 1994). Previous theoretical studies, based on estimates of
terrestrial magma and country-rock characteristics, have indicated that dikes will ascend to the
level of neutral buoyancy and then propagate laterally near this level until they erupt or their
driving pressures decline (e.g., Lister 1990, 1991). An analysis of the Krafla rift zone by
Rubin (1992) suggested that grabens form in front of and above lat erall y propagating dikes.

Parfitt and Head (1993) modeled the emplacement of lateral dikes under conditions of
constant and declining driving pressure conditions. Their results using constant driving
pressure conditions show that dikes will grow vertically and laterally until they intersect the
surface (< 100 km from the chamber) and produce long, voluminous flows or until they reach
a stable vertical height (level of neutral buoyancy) and grow lateraly (up to several thousand
kilometers) at that height until stopped by cooling or pressure loss. They suggest that caldera
collapse may be associated with the later stages under these conditions because the magma
chamber could drain to a point where reduced n iagma pressure would result in roof failure.

In contrast, declining driving pressure conditions produce dikes of more limited width (<4 m),
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lateral extent (< 100 km), and height, which results in dikes of finite, fairly consistent length
(determined by the volume of the magma chamber) that usually do not erupt unless they are
very shallow.

If the simple grabens in north Tharsis were produced by dike intrusion, several
characteristics of thbese grabens suggest that the dikes were more likely to have propagated
under a constant driving pressure than under a declining driving pressure. First, the simple
grabens show a wide range in lengths (from about 50 km to 400 km) with a large fraction of
the simple grabens having lengths =100 km, larger than that expected from dikes under
declining pressure conditions. Second, as stated above, previous studies have noted the
existence of lava flows emanating from several grabensin Tempe Terra and Alba Patera.
Third, Alba Patera has a summit caldera, consistent with the Parfitt and Head (1 993) model
for dike systems under constant driving pressure conditions. Fourth, our estimates of the
widths of the dikes that may be associated with the simple grabens (based on the relation of
extension and dike width of Mastin and Pollard 1988) range from 150-450 m, which is
significantly wider than dike widths proposed under declining pressure conditions.

There are a few advantages of the lateral dike propagation hypothesis over other
possible explanations of the graben-bounding, fault-intersection depth data for western Mars.
First, several factors involved in a dike propagation model vary spatially and temporally with
respect to the associated magma chambers, which could account for the range of fault-
intersection depths that we find within different study areas in north Tharsis. For example,

the decrease in fault-intersection depths from the summit to the eastern base of Alba Patera,

as well as the paucity of fault-intersection depths greater than 2 km at distances greater than
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700 km from the summit (Fig. 14), could be explained by atransition from predominantly
vertical dike ascent near the summit to predominantly lateral dike movement at some distance
from the magma chamber. In fact, the 700-km distance from Alba’s summit corresponds
closely to the 500-600-km distance found by Ernst and Baragar (1992) for the transition from
vertical to horizontall dike movement in the Mackenzie dike swarm.  Second, the hypothesis
can explain observable geologic and spatial relations between volcanic deposits, tectonic
features, and hydrologic features in the study areas. Even though this hypothesis would not
depend on a uniform, planetwide stratigraphic or cryospheric interface to explain the
uniformit y in frequency modes (1.0- 1.6 km) of the fault-intersection depths, it would require
the presence of a volatile-rich layer in order to arrest dike ascent at these shallow fault-
intersection depths on Mars. Wilson and Head (1994) estimated the neutral buoyancy level
for Earth and Mars based on a pressure volubility law and estimates of surface void fractions.
Their estimate for Earth’s neutral buoyancy level (3 km) is within the range observed beneath
Kilauea (2.5-4.5 km; Ryan 1987). Their results for Mars suggest that the level of neutral
buoyancy is at a depth of 11 km, which is deeper than the 7.7 km depth based on gravity
scaling alone. Assuming that the Martian level of neutral buoyancy is 7.7-11 km for a
volatile-free magma, lateral dike propagation at the shallow depths of 1.2- 1.6 km (suggested
by fault-intersections depths) would require the existence of volatiles in the magma.

Wilson and Head (198 1) calculated that magma on Mars, with sufficient driving
pressure and with typical H,O or CO,content in the source region, would be expected to
reach a gas volume fraction of 0.75 by volatile exsolution at depths of less than about a

kilometer, resulting in eruption. (The depth at which this gas volume fraction is achieved,
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i.e., the “fragmentation depth,” will vary depending on magma silica content, volatile content,
and temperature and on the density profile of the crust.) Based on estimates of the depth
dependence of gas-bubble and magma fragmentation on nagma H,O content in a Martian
environment (Wilson and Head 1994), magma with 1-3 % H,0 (which is not unreasonable for
Mars) would have neLutraI buoyancy at a depth of about 1-2 km. Thus, magmas having lower
driving pressures and sufficient volatiles may instead spread laterally at depths of 1 km or
greater, resulting in extension, graben formation, and possibly sill formation. The presence of
an ice-laden zone in the megaregolith of western Mars could also inhibit dike ascent due to
guenching of the magma and contribute to lateral spreading of dikes, which could result in
extension and graben formation, and possibly sill production (intrusion into wet sediments on
Earth generaly results in a sill (Kokelaar 1982)).

Regardless of the exact mechanism of graben formation (in fact, both dike propagation
and non-volcanic tectonic extension may have produced grabens under different conditions or
areas of Mars), the sparsity of very narrow simple grabens with fault-intersection depths less
than 0.6- 1.0 km (Fig. M’)l 7(:wan be used to place constraints on the maximum depth of tensile
cracks on Mars under typical conditions. Grabens, which are bounded by normal faults, are
indicative of shear failure that occurs when rocks fail under ext ensionial stresses at depth.
Tension cracks or joints form under similar extensional stresses at shallow depths where
overburden is low. The minimum depth at which normal (shear) faults can initiate is the
maximum depth at which tensile failure can occur, which is limited by the overburden stress

and the tensile strength of the material under the Griffith failure criter ion for intact rock

(Tanaka and Golombek 1989) or under Hock-B~own criterion for jointed rock masses (Schultz
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1993). For minimum depths of shear failure of 0,6- 1.0 km, shallow crustal material must
have tensile strengths of at least I/z-,j/l\dpa under dry or hydrostatic conditions. These tensile
strengths are well within the range of expected tensile strengths for the types of materials
expected in the sha]low crust on Mars (Tanaka and Golombek 1989), particularly for basaltic
rock masses (e.g., 1-6 MPa, Haimson and Rummel 1982; <2 MPa, Schultz 1993). In
addition, crack spacing measurements in lceland suggest a maximum terrestrial fracture depth
of <400 m (Opheim and Gudmundsson 1989); this value, properly scaled for gravity, would
suggest a maximum fracture depth of about 1 km on Mars. The fact that the sharp drop off
in narrow grabens with shallow fault intersection depths is evident throughout the western

hemisphere of Mars (e.g., Davis and Golombek 1990) argues that tensile strengths of this

magnitude are prevalent for shallow crustal rocks over most of the red planet,

CONCLUSIONS

Photoclinometric measurements of 91 flat-floored depressions, 124 solitary scarps
bounded by planar surfaces, and 370 simple grabens (from which we estimated fault-
intersection depths) provide indirect evidence of mechanical discontinuities and constrain
possible mechanisms for graben formation in the north Tharsis region of Mars. The
following summarizes our findings from an examination of these data.

1. The modal heights of measured solitary scarps (bounded by planar surfaces) within
the heavily cratered and ridged plains terrain in Tempe Terra correspond closely to previous
thickness estimates of these units. The modal depths of measured flat-floored depressions

also correspond to the modal heights of measured solitary scarps within all of the geologic
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units in which these features occur, which suggests that stratigraphy was a maor controlling

factor in the development of the depressions. The uniformly shallow height and depth modes
of the scarps and depressions (<0.8 km) throughout the entire region, irrespective of geologic
unit, and the previously proposed hydrologic influence on the development of these
depressions suggest that the top of the ice-laden zone may have been another primary factor
controlling the development of these features. The large flat-floored troughs in western
Tempe Terra reach depths of 1.2- 1.6 km, which is similar to scarp heights along the margins
of Tempe Terra plateau; their formation may have been controlled by the base of ice-laden
rock.

2. Fault-intersection depths in Tempe Terra and Alba Patera also show a
concentration of data at 1.0- 1.6 hn. Trough, pit, and faulted-layer depths obtained from
Syria, Sinai, and Lunae Plana aso show a concentration of data very close to this depth
interval. The consistency of these data over such a large region of western Mars suggests
that a discontinuity or a process that transcends local and regiona geology is responsible for
the formation of these features. The most frequently cited widespread discontinuity on Mars
is the cryosphere. However, the uniformity of our depth data over 55° of latitude suggests
that the cryosphere did not thicken poleward, which is contrary to theoretical models.
Alternatively, the concentrate ion of depth dataat 1.0- 1.6 km in these different regions of
western Mars may represent the upper level of non-eruptive dike ascent on Mars (i. e., the
level of neutral buoyancy), which is controlled by magrna and country-rock characteristics and
gravity. This shallow depth range suggests that dike ascent was confined by the presence of a

ground-ice layer beneath the surface.
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3. The frequency histograms of fault-intersection depths extend down to a depth of 4
km within Tempe Terra and 7 km within Alba Patera. The fault-intersection depths at 2-3 km
are attributed to the discontinuity at the interface between the megaregolith and basement,
which has been estimated to be in this depth range on Mars, or to the upper limit of non-
eruptive dike ascent of magma with a lower volatile content than the shallower dikes. The
larger fault-intersection depths (>3 km) within Alba Patera may be due to depression of the
megaregolith-basement interface, which may have been depressed due to volcanic
construction, burial, and subsidence during the formation of the patera.

4. Within the western hemisphere of Mars there is a dearth of narrow simple grabens
with fault-initiation depths less than 0.6- 1.0 km. Application of the Griffith failure criterion
to this observation suggests that shear failure is curtailed near the surface of Mars by
unfractured rocks with tensile strengths of 2-4 MPa. Failure of near-surface rocks with these

tensile strengths results in tension cracks or joints, rather than narr ow simple grabens.
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Table 1. Morphometric Characteristics of Erosional Landforms in the Tempe

Terra Reqion of Mars. -

Number Scarp Scarp Rim-to-rim

of Features Height Slope width
Eeatures ' Measured! (m t lo) (deg * 10) _  (km ¢ l0)
Irregular Depressions 10 107 + 44 6.6 + 1.3 3.8 + 2.0
Fretted Fractures 32 505 + 255 19.0 + 3.8 3.3 £ 2.4
Troughs and Pits 49 374 + 357 21.3 + 4.1 4.2 + 3.2
Solitary Scarps 124 658+478 24.9 + 9.9 n.a.l

! Multiple profiles were obtained for the larger features that appeared to have

variable morphometries; their average morphometries were used in tabulation of
average landform morphometries.

! n.a. = not applicable
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able 1. Means and Standard Deviations for Topographic Characteristics of Sinple Gabens within

Tempe_Terra and alba Patera regions.
Faul t -
Vl | Vil | Rimto-rim intersection
Fault  Number Dept h Sl ope Wdth Depth!
ultSet/Stage and Age Trend Measured (m * 1) ( deg * 1o) (km * 1o) (km % 10)‘

MPr TERRA REGION:?

Noachian System

Set 1 - Lower-Mddl e Noachian N 3 81 * 46 8.4 +3.1 2.7 %0.5 1.8+ 0.3
Set 2 - Mddl e Noachian Nw 1 59 4.9 3.9 2.8

Set 3- Mddl e Noachian NE 43 78 1+ 45 8.5+3.4 2.4%1.1 1.6+ ().8
Set 4 - Mddle Noachian N 20 62 +29 10.6 +3.9 1.4 t 0.7 0.9 + 0.5
Set 5 - Mddl e-Upper Noachian NE 37 131 +110 11.6 + 4.6 2.5 t 0.9 1.6+ (). 7
Hesperian System

Set 1 - Lower Hesperian NE 17 67 + 39 9.8 £+ 4.0 1.7 + 0.7 1.1 £ 0.5
Set 2 - Upper Hesperian NE 66 84 * 66 .3 + 3.8 2.4 % 1.2 1.5 + 0.9
Set 3- Upper Hesperian-Middle Amazonian NE/NW il g2 + 20 8.7 £+ 2.8 2.2 + 0.4 1.5 £ 0.3
average of 198 Grabens: 87 + 71 9.4 + 4.1 2.2 % 1.1 1.4 1.2
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dle 11 (con't)

Faul t -
Vil | Vil | Rimto-rim intersection
Faul t Nunber Dept h Sl ope Wdth Depth!®
11t set/stage and Age Trend Measured (M# 10) (deg * lo)  (km_% lo) (km_% 1o)
3A PATERA REG ON:° #
Stage | - Noachian NE 2 33 £ 11 4.4 +0.8 2.9 % 1.4 2.1 ¢ 1.2
stage |1 - Late Noachi an- Hesperi an N 2 75 + 17 9.7 + 2.4 1.7 £ 0.2 1.0 £ 0.2
stage |11 - Early Amazonian N 105 97 + 82 9.2 +4.4 3.8 +1.8 2.8 + 1.4
stage 111/1V - Early-Late Amazonian N 20 49 * 23 6.2 + 2.8 2.8 + 0.9 2.0 + 0.8
Stage IV - M ddl e-Late Anazoni an N 43 43 + 25 5.2 £ 3.0 2.6 21,2 1.8 + 1.0
werage 0f 172 grabens: 77 + 70 7.8 + 4.3 3.4 1.7 2.8 +1.7

alculated from topographi c data using method of Golombek 1979 and assuning 60° fault dips.
s defined by Scott and pohm 1990.
s defined by Tanaka 1990.
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Table | 11. Conparison of Average Scarp Heights and Average
Faul t-intersection Depths within Geologic Units

Exposed in the Tempe Terra Region of Mars.

Faul t -
Nunber of Scarp I ntersection

Ceol ogi ¢ Feat ures Measur ed’ Hei ght Depth?
Unit ! Scarps _ Grabens (km _+ 10) (km_% lo)
He ht 3 0.9 ¢+ 0.2 n.d.*
Ht u 9 17 0.2 + 0.05 1.61().9
H m 2 12 1.5 & 0.01 1.3 + 0.5
H 1 25 2 0.6 + 0.5 0.6 +0.1
Hr 62 27 0.6 + 0.4 1.1 ¢ 0.4
Npl e 10 0.1 + 0.04 n.d.
Npll 31 28 0.5+0.6 1.6 + 0.8
Nplh 34 13 0.4 + 0.3 1.3 $0.2
Nf 33 88 0.4 £ 0.2 1.4 + 0.8

1+
o
'S

=]

joN

No 13 1.1

' As defined by Scott and Tanaka 1986.

> Multiple profiles were obtained on features that appeared to
have variable norphometries; their average morphometries were
used in the tabul ation of average scarp height and
fault-intersection depth.

* Calculated from topographic data using method of Golombek 1979
and assumng 60° fault dips.

‘* n.d. = no data within this unit.
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FIGURE CAPTIONS

Figure 1, Shaded-relief map of part of western Mars (U.S. Geological Survey 1985)
showing the locations of the Tempe Terra and Alba Patera study areas.

Figure 2. Geologic map of the Tempe Terra region (based on the map of Scott and
Tanaka 1986) showing locations (closed circles) of photoclinometric measurements
of troughs and pits, fretted fractures, irregular depressions, and solitary scarps.
Units include the basement complex (Nb), fractured material (Nf), hilly unit (Nplh),
cratered unit (Npl,), and etched unit (Nple) of Noachian age; the ridged plains (Hr),
Tempe Terra Formation (Htl, Htm, Htu), chaotic terrain (Hcht), and lower member
of the Alba Patera formation (Hal) of Hesperian age; volcanoes (V) of Hesperian
and Noachian age; and the Arcadia formation (Aa;) of Amazonian age.

Figure 3. Geologic map of the eastern Alba Pateraregion (generalized from Scott and
Tanaka 1986 and Mouginis-Mark et al. 1988) showing calculated fault-intersection
depths (rounded to nearest km) at locations of graben measurements. Units include
the fractured material (Nf) and cratered unit (Npl,) of Noachian age; the Ceraunius
Fossae formation (AHcf) and dissected unit (Had) of Hesperian age; and the Alba
Pat era formation (Hal, A am, Aau) of Hesperian and Amazonian age.

Figure 4. Irregular depressions in the Noachian etched unit (Nple) in eastern Tempe Terra,
Mars (Viking Orbiter frame 258 S23). Frame center at 43.9° N lat., 55.9° ion. (Fig.
2). Lines indicate profiles and numbers indicate depths (km) of photoclinometric
measurements.

Figure 5, Flat-floored troughs and pits in the lower member of the Tempe Terra

Formation (Htl) in western Tempe Terra, Mars (Viking Orbiter 1 image mosaic of
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rev. 627). Mosaic center at 39.10 N lat., 86.1” lon. (Fig. 2). Lines indicate
profiles and numbers indicate depths/heights (km) of photoclinometric
measurements. Scarp profiles of north-trending troughs of Mareotis Fossae
indicated by letters A, B, and C. Trough D extends for about 70 km; its depth
increases f.rom about 0.4 km in the northeast to the depth of the Tempe Terra
border scarps. Examples of a pit, pit chain, trough, and simple graben are
indicated.

Figure 6. Fretted fractures in Hesperian ridged plains unit (Hr) in southern Tempe Terra,
Mars (Viking Orbiter frame 555 A12). Frame center at 30.7° N lat., 72.4° W ion.
(Fig. 2). Lines indicate profiles and numbers indicate depths (km) of
photoclinometric measurements.

Figure 7, Solitary scarps bounded by planar surfaces in the Hesperian ridged plains unit
(Hr) along the southeastern margin of Tempe Terra, Mars (Viking Orbiter frame
668A1 6). Frame center at 32.6° N lat., 54.2° ion. (Fig, 2). Lines indicate profiles
and numbers indicate heights (km) of photoclinometric measurements.

Figure 8. Index map of Tempe Terra region (based on U.S. Geological Survey 1982a,b)
showing simple grabens (solid lines) and locations of photoclinometric profiles
(closed circles).

Figure 9. Index map of Alba Patera region (based on U.S. Geological Survey 1982b)
showing simple grabens (solid lines) and locations of photoclinometric profiles
(closed circles).

Figure 10. Frequency histograms of measured populations of irregular depression depths,
fretted fracture depths, trough and pit depths, and solitary scarp heights in the

Tempe Terraregion.
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Figure 11. Frequency histograms of measured populations of all measured erosional scarp
heights/depths within different geologic units in the Tempe Terra region,

Figure 1 2. Frequency histogram of percentage of measured population of calculated fault-
intersection depths in the Tempe Terra and Alba Patera regions.

Figure 13. Frequelncy histograms of estimated fault-intersection depths within different
geologic units in the Tempe Terra region.

Figure 14. Elevations of intersections of faults bounding simple grabens in the Alba Patera
region, The closed circle was obtained for a simple graben in Noachian Tempe

Terra plateau material.
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